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Using the x-ray diffraction and x-ray absorption fine structure techniques, we have probed Ti, Ta, and Sc
local environments in the solid solution systems1−xdPbsSc,TadO3-xPbTiO3. This system is known to display
a variety of ferroelectric behaviors ranging from variable order-disorder, to relaxor, to a mixed phase region,
and then finally to normal ferroelectric, as the value ofx is increased. We find, in agreement with neutron
diffraction studies, no detectable displacements of Ta or Sc atoms from their oxygen cage centers in any of
these systems. Surprisingly, we find that the Ti atom is displaced along(111) from its inversion symmetry
center forx=0.05. However, this average local Ti displacement gradually changes from(111) to (001) as x
increases, whereas the global crystal structure abruptly changes from rhombohedral to tetragonal atx=0.45.
Our experimental results and theoretical modeling of others together suggest that this system consists of mixed
regions, some characterized by a(111) Ti displacement and others characterized by a(001) Ti displacement.
The displacement averaged over all regions becomes more weighted toward(001) as x increases. Another
significant result is that all our samples(with x ranging from 0 to 0.5) have a high degree of local ordering of
the B sites with alternate occupation of Ta and Sc atoms.
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INTRODUCTION

Relaxor ferroelectrics are a special class of ferroelectric
materials, which typically have a perovskite or tungsten-
bronze structure type, multiple ionic species on a particular
crystallographic site, and distinctive material properties.
Characteristic behavior is generally manifested in a diffuse-
ness of the temperature dependence of the various properties
that relate to the polarization of the material, and a strong
frequency dependence of the dielectric response, particularly
in the radio frequency range, as well as the persistence of a
characteristic optical isotropy to temperatures well below
that of the dielectric permittivity maximum.1 These distinc-
tive characteristics distinguish the relaxor ferroelectric from
the so-called diffuse phase transition ferroelectric(DPTF) for
which the diffuseness is related largely to macroscale inho-
mogeneity and other macroscale features. The origin of the
characteristic behavior of the relaxor ferroelectric, on the
other hand, lies in the interactions of polarized entities on a
nanoscale. Materials exhibiting relaxor behavior are typically
of a class of oxides referred to as “oxygen-octahedra
compounds.”2 The oxygen octahedron is simply a BO6 unit
where the six oxygen ions surround a particular transition
metal ion, B(such as Ti, Ta, or Nb), so as to form an octa-
hedral “cage.” All of the oxygen-octahedra structure-types
are essentially composed of the basic oxygen-octahedral
units linked in various configurations.

Two models that have been proposed to describe relaxor
behavior are(1) the composition fluctuation model of Smo-
lenskii et al.3 and (2) the polar region size effect model of

Cross.1 In the composition fluctuation model, fluctuations in
local composition lead directly to fluctuations in a local
ferroelectric Curie temperature, and consequently to the ob-
served gradual(relaxor), as opposed to sharp(classic ferro-
electric), loss of spontaneous polarization as the temperature
increases. In his polar region, size effect model, Cross has
pointed out that for small scale polarized regions the energy
barrier between different ion displacement directions be-
comes lowered, and such a region will not exhibit an aver-
aged polar moment when this energy barrier is of the order
,kT. This effect is an analog, for ferroelectricity, of the
“blocking temperature” effect in ferromagnetism. In the
magnetism case, the average ferromagnetic moment along a
particular direction will become zero, at some critical tem-
perature, for a small magnetic domain due to fluctuations in
the moment direction. The critical temperature is smaller for
smaller domain size. We point out that various probes such
as neutron scattering4 and nuclear magnetic resonance5 indi-
cate the existence of small polar regions in relaxors. These
regions are lower-symmetry structural regions embedded in a
surrounding higher symmetry matrix. The lower symmetry
regions, when arranged in random orientations, will average
to mimic higher symmetry structures such as cubic if ob-
served using conventional x-ray diffraction(XRD).

We next contrast the properties of pure PbTiO3 and pure
PbsSc1/2Ta1/2dO3. Pure PbTiO3 (PT) is a normal ferroelectric
with a theoretical transition temperature of 763 K.6 In the
ferroelectric tetragonal phase of PbTiO3 the Ti atom is dis-
placed relative to its oxygen cage along the cubic(001) di-
rection. Recent studies by the x-ray absorption fine structure
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(XAFS) technique have shown that locally both the Pb and
Ti displacements in PbTiO3 remain tetragonal and nonvan-
ishing at temperatures aboveTc, exhibiting distortions more
than 70% of corresponding low temperature values, even
though the XRD pattern is that of a cubic material.7 Pure
PbsSc1/2Ta1/2dO3 (PST), on the other hand, can be forced into
an ordered or disordered state, depending on annealing
conditions.8 We now refer to PST in terms of the designation
ABO3. If PST is disordered, the B site is randomly occupied
by Ta and Sc and the material exhibits relaxor behavior.
When ordered, on the other hand, PST shows superlattice
lines and is a normal ferroelectric, for which the macroscopic
easy axis of polarization is not(001), as in PT, but along the
(111) body diagonal instead. Studies of single crystals find
that, in the ferroelectric, ordered phase, PST shows a slight
rhombohedral distortion from a perovskite structure,9 and
ferroelectric PST is sometimes referred to as being in as
“pseudocubic” structure.10 For disordered PST, which exhib-
its a relaxor behavior, Cross suggests a picture in which there
are atomic displacements that dynamically change between
different directions along the body diagonal of the perovskite
cell.1

Recent studies show that the nature of the relaxor behav-
ior in PST is even more complex than modeled by Smolen-
skii or Cross. Dmowskiet al. have shown by a combination
of neutron and synchrotron based XRD that there is no de-
tectable local displacement from the cube center for either Ta
or Sc atoms, even for ordered material.11 These authors do
find a definite local displacement of the Pb atoms, but along
(001), not the(111) direction which is the macroscopic di-
rection of polarization. The authors state that “These results
show that the conflict between the local structural preference
and the average structure is not limited to relaxor ferroelec-
trics, but may be widely prevalent in mixed-ion ferroelec-
trics.” The XAFS results of Sicronet al. on pure PbTiO3
show that with considerable accuracy, the “mixed ion” quali-
fier could be omitted from the above quotation.7

Given the above results, the unique characteristics of the
s1−xdPbsSc1/2Ta1/2dO3–xPbTiO3 solid solution, henceforth
referred to assPSTd1−xsPTdx, make it an interesting system to
study in that one traverses a variety of compositions that
bridge the gap between the PST and PT materials. It has been
observed that a variety of thermally “adjustable” states of
structural ordering, Curie temperatures, and material proper-
ties are accessible for these materials. These properties make
the system attractive for many device applications as well,
and also as a useful model system for further exploring the
fundamental nature of relaxor ferroelectrics.12

Initial studies on this system led to the identification of
several distinct phase regions: There is a high-temperature
cubic(nonferroelectric) phase. At room temperature there are
several phases, depending on composition:(1) a rhombohe-
dral (pseudocubic) region of variable order–disorder(VOD)
involving the Sc and Ta ions at the B site of the perovskite
structuresx=0.0–0.075d, (2) a structurally invariable rhom-
bohedral(pseudocubic) regionsx=0.1–0.4d, and(3) a tetrag-
onal region extending fromx=0.45 to x=1.12 The three
lower symmetry phase regions are separated by two bound-
ary regions, the VOD boundarysx=0.075–0.1d and the mor-

photropic phase boundary(MPB) between x=0.4 and x
=0.45.

A range of ferroelectric behaviors is observed for materi-
als representing the three main noncubic phase regions of the
system. Both relaxor and normal first order type responses
occur for VOD compositions, with the as-fired(disordered)
materials showing the diffuse, dispersive responses of a re-
laxor and the annealed(ordered) specimens exhibiting more
sharp, first order type behaviors. Overall, as-fired(disor-
dered) materials from the composition rangex=0.0–0.4 dis-
play relaxor-type behavior, which becomes more normal on
approaching the MPBsx=0.4–0.45d, beyond which the re-
sponse is essentially that of a first order ferroelectric. The
variation of the ferroelectric response with heat treatment
and/or composition is found to correlate with the coherence
length of the ordering as determined by electron and x-ray
diffraction.12

This study of thesPSTd1−xsPTdx system focuses on the
local structure of the material as revealed by the x-ray ab-
sorption near edge structure(XANES) and extended x-ray
absorption fine-structure(EXAFS) data and analysis carried
out on selected ceramic specimens from each of the three
phase regions of the system.

SAMPLE PREPARATION

The sPSTd1−xsPTdx ceramics(x=0, 0.05, 0.1, 0.2, and 0.5)
were prepared by a conventional mixed-oxide method in-
volving the use of high-purity starting oxides(PbO, TiO2,
Sc2O3, and Ta2O5), a precursor phase formulation,13 and
controlled lead atmosphere sintering. A wolframitesScTaO4d
precursor was used in order to inhibit the formation of the
undesirable, nonferroelectric pyrochlore phase. Each compo-
sition was calcined at 900°C for 4 hours and then at 1000°C
for 1 hour with an intermediate comminution step. Com-
pacted specimens of all compositions were then subjected to
firing at 1400°C for 1 hour in sealed alumina crucibles con-
taining PbsSc1/2Ta1/2dO3-PbZrO3 source powders to control
lead loss. Samples with compositionsxù0.2 were suffi-
ciently dense(<95% theoretical density) after this first sin-
tering step, but specimens with compositionsxø0.1 required
a second, higher temperature sintering
s1500°C–1560°C/20 minutesd, which was conducted in a
molybdenum tube furnace with a relatively rapid heating and
cooling schedule to avoid excessive lead loss. These samples
had densities of 90–95% of the theoretical density following
the second-stage sintering step. These samples were also
subjected to a low temperatures500°C/20minutesd post-
sintering anneal to relieve any stress that may have devel-
oped in the ceramic as a result of the rapid cooling at the
conclusion of the second-stage sintering. Those specimens
for which the degree of ordering could be varied by post-
sintering heat treatment sx,0.1d were annealed
s1000–1100°Cd in a sealed system with a controlled lead
atmosphere[PbsSc1/2Ta1/2dO3-PbZrO3 source powders] so as
to allow for negligible lead loss over the 10 hour period
required to order the material. The ceramic specimens used
in this study were in a range between ca. 0.5 to 3 mm thick
and had areas ranging from 3 mm2 to 100 mm2.
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X-RAY DIFFRACTION MEASUREMENTS

X-ray diffraction studies were employed for all specimens
to monitor for phase purity throughout the processing regi-
men, to determine structure type, lattice parameters, and
x-ray densities, and to determine the degree of positional
order of Sc and Ta for compositions in the VOD phase re-
gion. The initial x-ray characterizations were carried out
when the samples were originally manufactured in the late
1980s.12 These findings were well reproduced by our recent
XRD studies. Complete solid solution was apparent for all
compositions.

Pyrochlore is a common impurity phase in these materi-
als. We have estimated the percentage pyrochlore phase by a
standard method, which involves measuring the area under
the perovskite(100) peak and comparing this area to the area
of the nearby pyrochlore(222) peak.14 We stripped theKa2
lines from both peaks, and measured the areas relative to
background. We used the method of estimation given by
Yamashita,14

Percentage pyrochlore

=100S1 −
Areaperovskite

Areaperovskite+ Areapyrochlore
D . s1d

Based on this method the percentage pyrochlore was 5% for
PST withx=0, not detected forx=0.05, of order 1% or less
for x=0.1, 7% for x=0.2, and not detected forx=0.5. In
other words, the pyrochlore contamination is not systematic
with Ti concentration, and does not exceed 7%. On the other
hand, both the TiK edge XAFS and the changes of the(200)
XRD peak are quite systematic with Ti concentration, and
we therefore conclude that the pyrochlore phase does not
significantly influence our results.

Our XRD results are quite systematic inx. Ordered
PbsSc1/2Ta1/2dO3 has a structure which consists of eight basic
perovskite cells and, therefore, has a double supercell which
can be indexed with accuracy using the cubic perovskite
space group. The B-site cations alternate at the corners of the

simple cubic perovskite cells, and form alternate layers of Sc
and Ta along the(111) directions of the supercell. The pure
PST sample was slightly ordered, in that very weak superlat-
tice peaks were observed, and no ordering between Sc and
Ta sites was found for the other compositions. The structure
observed by XRD was cubic forx=0, 0.05, 0.1, and 0.2 but
becomes tetragonal forx=0.5 (Fig. 1). Our results confirm
the previously measured lattice constants in this system
which were determined with fine increment inx. In these
measurements, it was shown that the transition from cubic to
tetragonal phase is abrupt.12

Both our and previously measured diffraction scans in the
region of the(200) reflection show a systematic shift of the
peaks to higher angle as the lead titanate concentration in-
creases. An important effect is a change from a cubic system
to a tetragonal system for thex=0.5 concentration. We also
observe, but do not interpret, subsplittings in the XRD of the
tetragonal sample.

X-RAY ABSORPTION FINE-STRUCTURE
MEASUREMENTS

Room temperature XAFS measurements of the threeK
edges(Ti, Ta, and Sc) were performed at Argonne National
Laboratory’s Advanced Photon Source(APS) and in
Brookhaven National Laboratory’s National Synchrotron
Light Source(NSLS). The same samples were used for all
measurements. Samples withx=0.05, 0.1, 0.2, and 0.5 were
measured at the TiK edge. Samples were measured at the Ta
L3 edge withx=0, 0.05, 0.1, 0.2, and 0.5. Samples were
measured at the ScK-edge withx=0,0.05, and 0.1. As ref-
erences, we used previously measured XAFS data of pure
PbTiO3 and EuTiO3.

15

Ti K-edge measurements

Fluorescence TiK-edge measurements of solid solutions
of sPSTd1−xsPTdx samples were taken at the PNC-CAT’s un-
dulator beamline of the APS. The beam spot width at the

FIG. 1. XRD data obtained insPSTd1−xsPTdx

samples. Diffraction scans in the region of the
(200) reflection, using a copper anode diffracto-
meter with a curved graphite analyzer. TheKa2

peak is stripped from the data, the plots are nor-
malized to each other, and the data is given a
minimal smoothing.
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sample was about 0.6 mm horizontally and the beam inten-
sity was 431013 photons/s. At relatively low PbTiO3 con-
centrations ofx=0.05 to 0.2, an energy dispersive detector is
required to separate TiKa fluorescence photons from the Sc
Ka fluorescence photons that dominate the fluorescence
background. We used a log-spiral of revolution(LSR)
analyzer,16 designed and built for detection of TiKa photons.
This device has now been markedly improved by the addi-
tion of a custom built annular ion chamber. The LSR perfor-
mance was also improved by the addition of a feedback
sample positioner that enabled reproducible and precise
sample positioning. The optimum position of the sample was
determined by maximizing the Ti signal relative to back-
ground. If the sample position was not optimized, pro-
nounced Sc XAFS oscillations were observed at the Ti ab-
sorption edge, but these disappeared at optimum sample
position. A beam stop was used to insure that only fluores-
cent x rays that first strike the LSR are detected; optimum
positioning of the beam stop removed otherwise intense dif-
fraction peaks. The LSR-ion chamber combination for Ti
accepts about sixty percent of the available 2p solid angle,

and unlike standard energy dispersive detectors, does not
saturate. The annular chamber was filled with a 80% Ar and
20% N2 gas mixture. We know of no other detector setup
that could successfully separate the dilute Ti XAFS signal
from the otherwise overwhelming Sc signal. These studies
showed no evidence of fluorescence distortion effects as ex-
pected because of the much larger absorption of the rest of
the atoms compared to the Ti atoms. The XANES and EX-
AFS of all the spectra are shown in Figs. 2 and 3, respec-
tively. The Fourier transform magnitudes of all the data are
shown in Fig. 4.

Ta L3 edge measurements

Ta L3 edge of the samesPSTd1−xsPTdx samples(with x
=0, 0.05, 0.1, 0.2, and 0.5) were measured at the bending
magnet beamline X11-A of the NSLS. Fluorescence data
were taken with an ionization chamber(Stern-Heald/Lytle
detector) filled with Ar. A double-crystal Sis111d monochro-
mator was used to tune the x-ray energy. The monochro-

FIG. 2. Top, XANES spectra of TiK edge in sPSTd1−xsPTdx

samples. Feature A denotes the energy region of the dipole-
forbidden, 1s–3d transition. Bottom: Blow-up region correspond-
ing to the 1s–3d transition. Also shown is the reference TiK-edge
XANES in EuTiO3. The inset in the bottom pane shows the feature-
less 1s–3d transition region(A) in Sc K-edge XANES forx=0,
0.05, and 0.1.

FIG. 3. Ti K-edge EXAFS: background subtracted and edge-
step normalizedkxskd in sPSTd1−xsPTdx samples.

FIG. 4. Ti K-edge EXAFS: Fourier transform magnitudes of
kxskd in sPSTd1−xsPTdx samples. Shown by arrows are groups of
Ti–O distances that correspond to either(111) or (001) displace-
ment of the Ti atom from the center of TiO6 octahedron.
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mator was detuned 25% to reject harmonics. In order to
evaluate the effect of sample thickness on the absorption
coefficient several successive scans were taken for different
positions of the fluorescence detector including those where
emergence angles of fluorescence rays were minimized. No
diffraction peaks were detected. Comparison of the resultant
absorption coefficients showed that the effect of the fluores-
cence geometry on the data was negligible. The EXAFS
spectra and their Fourier transforms are shown in Figs. 5 and
6, respectively.

Sc K-edge measurements

Fluorescence Sc K-edge measurements of the
sPSTd1−xsPTdx samples(at x=0.05 and 0.1) and pure PST
sx=0d were taken at the PNC-CAT’s bending magnet beam-
line at the APS, using a single-channel Ge detector. The
samples were spun to remove Bragg peaks. Up to 50 mea-
surements were averaged to obtain the absorption coefficient
data at each concentration. Atx=0.05 and 0.1, the data

ranges were limited by the occurrence of TiK-edge
s4966 eVd that corresponds to the data truncation atkmax of
ca. 11 Å−1 during the data analysis. To evaluate the effect of
self-absorption distortion, some measurements were also per-
formed with the ionization chamber in a different geometry.
Comparison of the measured absorption coefficients showed
that the effect of the fluorescence geometry and fluorescent
detector on the data were negligible, thus assuring that any
distortion effects were negligible. The XANES spectra are
shown in the inset of Fig. 2. The EXAFS spectra and their
Fourier transforms are shown in Figs. 7 and 8, respectively.

DATA ANALYSIS

Ti K-edge and ScK-edge XANES

Ti K-edge XANES data of all the samples, fromx=0.05
to 1 (Fig. 2), have a feature “A” located in the region corre-
sponding to the 1s–3d transition. This transition is dipole
forbidden in the atom by theDL=1 selection rule. In order to

FIG. 5. TaL3-edge EXAFS: background subtracted and edge-
step normalizedk2xskd in sPSTd1−xsPTdx samples.

FIG. 6. TaL3-edge EXAFS: Fourier transform magnitudes of
k2xskd in sPSTd1−xsPTdx data (symbols) and FEFF theory(solid).
The two r-ranges, marked by arrows, correspond to the two stages
of the fitting procedure as described in the text.

FIG. 7. ScK-edge EXAFS: background subtracted and edge-
step normalizedk2xskd in sPSTd1−xsPTdx samples.

FIG. 8. ScK-edge EXAFS: Fourier transform magnitudes of
k2xskd in sPSTd1−xsPTdx data (symbols) and FEFF theory(solid).
The two r ranges, marked by arrows, correspond to the two stages
of the fitting procedure as described in the text.
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contribute significantly to XANES in this region,p character
of the final state of the photoelectron has to be added in the
solid. The solid can addp character in this region due to
hybridization between Ti 3d and O 2p orbitals17 if the Ti
atom is displaced away from the inversion symmetry center
of the TiO6 octahedra. The presence of a large peak in the
energy range “A” is, therefore, a signature of displacement
of the Ti atoms from an inversion symmetric site. As pointed
out,18 even a centrosymmertic perovskite such as EuTiO3 has
a small peak in the same energy region due to vibrational
disorder within the TiO6 octahedron. References 18 and 19
find that for polycrystalline perovskites, the off-center dis-
placementdi (static and/or dynamic) of the Ti atom from the
center of the TiO6 octahedron is related to the areaAi under
the corresponding peak in the 1s–3d transition region,

Ai =
gi

3
di

2, s2d

where i denotes a specific perovskite system(we use i
= “ E” for EuTiO3 and “P” for PbTiO3) and gi is a propor-
tionality constant measured for different perovskites:18 gE
=13.6±2.8 eV/Å2 andgP=12.3±1.4 eV/Å2.

The area under the peak “A” can be used to characterize
the displacement of the resonant atom from the inversion
symmetry center. It never completely vanishes, even for per-
ovskites with no static displacements, because of thermal
vibrations of Ti with respect to the octahedral cage. In the Ti
K-edge XANES data of all the samples, fromx=0.05 to 1
(Fig. 2), the intensity of the signal in this region is much
larger than in the reference, cubic EuTiO3 system. Since all
the samples were measured at the same temperature, the
cause of the difference is the different magnitude of static Ti
displacement off the TiO6 octahedron center. Using Eq.(2)
and the experimentally determined value for the reference
(dynamic) Ti atom displacementdE=0.103 Å in EuTiO3 at
room temperature,18 we can obtain the Ti displacementsdP
for all x in the sPSTd1−xsPTdx system through the difference
between the areas of feature A in Fig. 2 forsPSTd1−xsPTdx

data and EuTiO3 data,

DA =
gP

3
dP

2 −
gE

3
dE

2 . s3d

Using Eq.(3) and Ti XANES data ofsPSTd1−xsPTdx system
(Fig. 2) we obtained the Ti atom displacements(Table I). As
a cross-check of the validity of these results obtained by
XANES analysis, the displacement obtained for Ti in pure
PbTiO3 is in excellent agreement with crystallographic data
s0.308 Åd.20 This agreement shows that the above procedure
is a reliable method to determine the Ti displacement mag-
nitude. As discussed below, for polycrystalline and cubic ma-
terials this method is not sensitive to the direction of Ti atom

displacement, but if complemented by EXAFS analysis of
the same system, both techniques can quantify both the di-
rection and the magnitude of the Ti atom displacement.

The bottom pane of Fig. 2 shows both TiK-edge and Sc
K-edge XANES spectra. The magnitude of the pre-edge fea-
ture A is markedly lower in the Sc XANES signal compared
to its counterpart in the TiK-edge XANES. Since Sc and Ti
are neighbors in the periodic table and their nearest neigh-
bors in thesPSTd1−xsPTdx system are the same(oxygen and
lead), one would expect that the mixing of O 2p states with
Sc 3d states will be of the same magnitude as for Ti. Based
on that and on the previous discussion of the relation be-
tween the area of the pre-edge feature and the magnitude of
the B-ion off-center displacement[Eq. (2)], this ScK-edge
XANES data is consistent with much smaller, if any, off-
center displacements of Sc atoms, compared to Ti atoms.

Ti K-edge EXAFS first shell analysis

For each measured x-ray absorption spectrum, the
AUTOBK code21 was used to normalize the absorption co-
efficient,mskd, and separate the EXAFS,xskd, from the iso-
lated atom absorption background,m0skd. This process is
shown in the following relation:

xskd =
mskd − m0skd

Dm0skd
, s4d

where k is the photoelectron wave number,k
=Î2msE−E0d /"2, E is the photon energy, andE0 is the pho-
toelectron energy origin(chosen at the middle of the absorp-
tion edge jump). The background function,m0skd, was ob-
tained by minimizing the signal in the low-r region of the
Fourier-transformedxskd data.Dm0skd is the absorption edge
step(K edge for Ti and Sc, andL3 edge for Ta).

The EXAFS signal,xskd, which is the sum of all contri-
butions,xiskd, from groups of atoms that lie at approximately
equal distances from the absorbing atom(i.e., theith shell)
was adjusted by applying the EXAFS equation, written in the
following extended form:

xskd = o
i

S0
2Ni

kRi
2 uf i

effskdusinf2kRi + diskdge−2si
2k2

e−2R/liskd,

s5d

wherek is the photoelectron wave number,f i
effskd and diskd

are the photoelectron scattering-path amplitude and phase,
respectively,S0

2 is the passive electron reduction factor,Ri is
the effective half-path-length(which is equal to the inter-
atomic distance for single-scattering paths), si

2 is the mean-
square deviation inRi, andliskd is the photoelectron mean
free path. Theoretical amplitudesf i

effskd, and phasesdiskd, for
the absorbing atom in a specific model structure had been
calculated with FEFF622 and the so constructed theoretical
EXAFS signal[Eq. (5)] was used to fit the experimentalxskd
data using the FEFFIT program.

Before the quantitative analysis, a few important observa-
tions had been made based on the visual examination of both
the XANES and EXAFS TiK-edge data. Namely, one can

TABLE I. Ti atom displacements insPSTd1−xsPTdx calculated
using Eq.(3).

X 0.05 0.1 0.2 0.5 1

d,Å 0.22(2) 0.24(2) 0.24(3) 0.23(2) 0.31(3)
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suggest that thex=0.05 spectra are consistent with Ti dis-
placed in the(111) cubic direction, while at relatively large
concentrations,x=0.2 and 0.5, the direction of Ti atom dis-
placement is approaching the(001) cubic direction. Indeed,
the EXAFS data(Figs. 3 and 4) demonstrate that when the
concentration increases fromx=0.2 to 0.5, the Ti environ-
ment becomes very similar to that in pure tetragonal PbTiO3
that has Ti displaced in(001) direction from the center. At
low concentrations, the data look quite different from that in
pure PbTiO3, namely, the split of the first Ti–O coordination
shell in two groups of distances is apparent. The data atx
=0.05 can be qualitatively explained if we recall that the
displacement of Ti along the(111) cubic direction would
result in splitting the sixfold degenerate(in the cubic struc-
ture) Ti–O distances in two groups: three short Ti–O1 dis-
tances and three long Ti–O2 distances. When the distortion
is in the (001) direction, Ti is getting closer to one axial
oxygen, farther away from another axial oxygen, and the
third group of distances is that between Ti and four equato-
rial oxygens, therefore the splitting is in three groups: one
Ti–O1, four Ti–O2, and one Ti–O3. In EXAFS, excellent
spatial resolution is required to observe such splitting, espe-
cially because the most degenerate(fourfold) group will
dominate the radial distribution. Therefore, not being able to
observe a visible splitting inx=0.2, x=0.5, andx=1 data is
consistent with either tetragonal or cubic(where the spliting
does not exist) structure. However, by the examination of Ti
K-edge XANES data we concluded above that the Ti atoms

are displaced from the cubic center at all concentrations.
Moreover, since PbTiO3 is known to be tetragonally dis-
torted at room temperature, with the Ti atom displaced in the
(001) direction, it is, therefore, logical to expect a similar
displacement of the Ti atom in bothx=0.2 and 0.5 data that
progressively resemble PbTiO3 data asx increases. To specu-
late further, we may suggest that the crossover region, when
the orientation of the Ti displacement changed from(111) to
(001) is betweenx=0.1 andx=0.2 because the x=0.1 data
very much resemble the smallest concentration,x=0.05 since
both data sets display distinct splitting of the first shell peak
into two peaks.

Theoretical scattering amplitudes of Ti–O nearest neigh-
boring shell were calculated with FEFF6 in the approxima-
tion that Ti occupies the B site of ABO3 in the perovskite
unit cell of PbsSc,TadO3 with a=4.07 Å. The model of Ti
environment was constrained by allowing the Ti displace-
ment to be in the(111) cubic direction only. Fits of the
FEFF6 theory to the data were performed inr space. The
parameters of the Fourier transform(the data ranges ink and
r spaces, the number of relevant independent points in the
data, the number of fitting parameters, as well as the reduced
chi-squared and theR factor are reported in Table II. Al-
though theR factor (0.07) is quite large(the data were much
noisier than at other atoms’ absorption edges due to the much
lower concentration of Ti), and there is a large uncertainty in
the amplitude of EXAFS signal, there is not a large uncer-
tainty in the distances. The separation between the two Ti–O
subshells, Ti–O1 and Ti–O2, is defined by EXAFS with
even smaller error than the error in the Ti–O1 and Ti–O2
distances themselves.

We varied the two groups of Ti–O distances that corre-
spond to the two groups of three oxygen atoms in each that
form faces of TiO6 octahedron that are perpendicular to the
(111) direction of Ti displacement. If the magnitude d of Ti
displacement from the center of the octahedron were zero,
the two distances, Ti–O1 and Ti–O2, would be the same:
2.035 Å. However, from the analysis of thex=0.05 data
(Fig. 9) we obtained the result that these distances are
1.91s3d Å and 2.17s4d Å with the splitting d equal
0.26s4d Å. These results would be in excellent agreement
with our Ti XANES data analysisfd=0.22s2d Åg if one as-

TABLE II. The values used in the Fourier transforms and the
FEFFIT fits for the TiK-edge EXAFS data(at x=0.05): k range
sDkd and k-weighting skwd, the fitting rangesDRd, the number of
independent data pointssNidpd, the number of fitting parameterssPd,
the reduced chi-squaredsxv

2d andR factor sRd. For x=0.1, 0.2, 0.5,
and 1.0 the Fourier transforms(Fig. 4) were performed with the
same parameters as for thex=0.05.

X Dk sÅ−1d kw DR sÅd Nidp P xv
2 R

0.05 3–10 k 1–2.4 8 4 218 0.07

TABLE III. The values used in the Fourier transforms and the
FEFFIT fits for the first nearest neighbor TaL3-edge EXAFS data
analysis:k rangesDkd andk weightingskwd, the fitting rangesDRd,
the number of independent data pointssNidpd per data set, the num-
ber of fitting parameterssPd per data set, the total reduced chi-
squaredsxv

2d, and R factor sRd per data set. Since the fits were
performed concurrently for all five data sets,P is a fractional
number.

X Dk sÅ−1d kw DR sÅd Nidp P xv
2 R

0 2.5–13 k2 1.3–2.3 8.15 2.4 26 0.0026

0.05 2.5–13 k2 1.3–2.3 8.15 2.4 26 0.0019

0.1 2.5–13 k2 1.3–2.3 8.15 2.4 26 0.0016

0.2 2.5–13 k2 1.3–2.3 8.15 2.4 26 0.0030

0.5 2.5–13 k2 1.3–2.3 8.15 2.4 26 0.0028

FIG. 9. Ti K-edge EXAFS analysis: Fourier transform magni-
tudes of thekxskd data (symbols) and FEFF theory(solid) for x
=0.05 in asPSTd1−xsPTdx sample.
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sumes the(111) direction of Ti atom displacement.
We would like to emphasize the difference between the

bond length splitd of the two Ti–O subshells and the mag-
nituded of the Ti atom displacement. The quantityd is mea-
sured along the cubic(001) directions, andd along the(111)
direction, so they are related to each other as follows:d
=2d/Î3. Using the experimentally determined value ofd
=0.22s2d Å, the magnitude ofd=0.25s2d Å predicted by this
relation is in excellent agreement with the EXAFS analysis
result f0.26s4d Åg obtained assuming the(111) Ti displace-
ment. Indeed, the short and long Ti–O distances calculated
assuming the(111) direction of Ti displacement byd
=0.22 Å are 1.90 Å and 2.15 Å, respectively, i.e., very close
to those experimentally obtained by EXAFS analysis. This
agreement also independently shows that Ti is displaced in
the (111) direction.

Ta L 3-edge EXAFS first shell analysis

Since the raw TaL3-edge EXAFS data do not indicate any
visible splitting of the Ta–O shell(Fig. 6), in contrast to the
Ti EXAFS data(Fig. 4), the Ta first shell analysis was per-
formed by assuming a single, sixfold degenerate Ta–O bond
in FEFF6 modeling. To lower the uncertainties and to im-
prove confidence in the best-fit results, we analyzed all the
five data sets concurrently, by applying physically reasonable
constraints(e.g., that the energy originsE0 and the passive
electrons amplitude reduction factorsS0

2 are the same in all
five data sets) in the fit process. The characteristics of Fou-
rier transforms and fitting procedure are summarized in Table
III.

As a result of fitting theory to data(Fig. 6), we obtained
that the Ta–O distance is gradually decreasing(as a function
of Ti concentration) from 1.961s2d Å at x=0 to 1.954s3d Å
at x=0.5 (Table IV).]

Sc K-edge EXAFS first shell analysis

As suggested by visual absence of any splitting of the
Sc–O shell(Fig. 8), the first shell analysis of ScK-edge
EXAFS data of the samples withx=0, 0.05, and 0.1 was
performed by assuming a single, sixfold degenerate Sc–O
bond in FEFF6 calculations, similar to the Ta L3-edge
EXAFS analysis. This model is very reasonable because it is

also consistent with ScK-edge XANES data that showed no
pre-edge feature that would indicate a significant off-center
displacement of Sc atom. We have minimized the uncertain-
ties in the best-fit values of fitting parameters by concur-
rently analyzing all three data sets, similar to the procedure
used in TaL3-edge EXAFS data analysis. Analogously, the
E0 andS0

2 were constrained to be the same for all the three
sets. The characteristics of Fourier transforms and fitting pro-
cedure are summarized in Table V.

From our analysis we deduce that the Sc–O distance is
almost constant as a function of Ti concentration and is equal
to 2.104s4d Å for pure PST(Table VI). The smaller than
expected best-fit values of thes2 reveal the correlation of
this parameter with another amplitude factor,S0

2 [that was
obtained to be 0.61(2) in the result of the three data sets fit].
Since both factors do not affect the phase of the EXAFS
oscillations[Eq. (5)], the accuracy in the determination of
the Sc–O bond lengths was unaffected.

DISCUSSION

Dmowski et al. do not observe a(111) displacement for
Ta or Sc sites in pure PST in their neutron diffraction
results.11 This finding is in agreement with our XAFS results.
Dmowskiet al.do observe a local Pb displacement; however
the Pb displacement is along(001) despite the fact that the
overall crystalline distortion is along(111). Evidence for lo-
cal Pb shifts was also obtained by the pair distribution func-

TABLE IV. Structural results obtained by TaL3-edge EXAFS data analysis. The Ta–O first nearest
neighbor distance(marked by arrows in Fig. 6) and its disorder were obtained by the concurrent, five-data-set
analysis. The Ta–Pb and Ta–Sc distances were obtained separately, as described in the text below. The last
column has the values of the pseudocubic lattice constantsa, obtained by XRD(Ref. 23).

Ta–O Ta–Pb Ta–Sc, Ta–O–Sc

x r ,Å s2,Å2 r ,Å s2,Å2 r ,Å s2,Å2 a,Å

0 1.961(2) 0.0064(3) 3.59(1) 0.0112(20) 4.032(5) 0.0087(7) 4.074

0.05 1.959(3) 0.0066(4) 3.59(1) 0.0119(22) 4.028(5) 0.0089(8) 4.063

0.1 1.958(3) 0.0071(4) 3.59(2) 0.0121(26) 4.028(6) 0.0092(9) 4.060

0.2 1.957(2) 0.0071(4) 3.60(2) 0.0125(31) 4.026(6) 0.0087(10) 4.051

0.5 1.954(3) 0.0071(4) 3.59(2) 0.0123(38) 4.010(7) 0.0082(11)

TABLE V. The values used in the Fourier transforms and the
FEFFIT fits for the first nearest neighbor ScK-edge EXAFS data
analysis:k rangesDkd andk weightingskwd, the fitting rangesDRd,
the number of independent data pointssNidpd per data set, the num-
ber of fitting parameterssPd per data set, the total reduced chi-
squaredsxv

2d, and R factor sRd per data set. Since the fits were
performed concurrently for all three data sets,P is a fractional
number.

x Dk sÅ−1d kw DR sÅd Nidp P xv
2 R

0 2–10 k2 1.3–2.0 5.13 2.67 25 0.0024

0.05 2–10 k2 1.3–2.0 5.13 2.67 25 0.0013

0.1 2–10 k2 1.3–2.0 5.13 2.67 25 0.0019
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tion analysis by Teslicet al.,24 in the analogous system,
PbZr1–xTixO3 or PZT. We also note that in pure PbTiO3,
Sicronet al.observed a local Ti displacement along(001) for
all temperatures, even temperatures aboveTC.7 With these
studies in mind we note that in our PST-PT system, we find
for the first time a local(111) displacement of an ion in this
perovskite ferroelectric system; that is to say we observe that
the Ti ion displaces along(111) for the lowest Ti concentra-
tion. The combination of EXAFS and XANES shows that the
Ti ion remains off center for allx. The average Ti displace-
ment systematically changes from(111) to (001) as x in-
creases, despite the fact that the crystal structure abruptly
changes to tetragonal when one goes fromx=0.2 tox=0.5.12

A model of relaxor ferroelectrics due to Cross1 suggests that
small polar regions may dynamically change their direction
of ionic displacement between different orientations. In pure
PST these different directions would be along the different
(111) body diagonals. In this picture, there is a potential bar-
rier between different displacement directions, and this bar-
rier can be of the order,kT if the polar region is sufficiently
small. Maaskant and Bersuker25 have formulated an exactly
solvable theory of an ion in an isolated regular oxygen octa-
hedron. In their model, one could have energy minima both
for tetragonal(001) and trigonal(111) displacements, but no
intermediate solutions.

We would like to acknowledge recent x-ray and neutron
diffraction studies of other solid solutions with MPBs[e.g.,
PZT, s1−xdPbsMg1/3Nb2/3dO3-xPbTiO3, or PMN-PT, ands1
−xdPbsZn1/3Nb2/3dO3-xPbTiO3, or PZN-PT] have reported
monoclinic phase in the vicinity of their MPBs below room
temperature.26 Theoretical calculations reproduce this new
monoclinic phase,27–32 and obtain that it mediates rotation,
on the atomic scale, of the B atoms from(111) to (001)
directions.27–30 We found no direct evidence from our
EXAFS data that such rotation is possible in PST-PT(be-
cause of the inadequate spatial resolution of TiK-edge
EXAFS for such a determination). However, we do find that
the changes in the radial distribution of Ti(Fig. 4), whenx
increases, can be fit by a superposition of the spectra from
the x=0.05 andx=1 samples with weights varying withx,
consistent with the Maaskant-Bersuker model. Indeed, in the
framework of this model, a gradual change, observed by
EXAFS, in average Ti displacement from(111) to (001) asx
increases may be explained by the co-existence of small re-
gions of(001) and(111) displacements in the same material.
The average would become more weighted toward the(001)

displacement asx increases. That implies that the rhombohe-
drally distorted, quasicubic PtTiO3 perovskite units will be
present in the samples at concentrationsx up to 0.5 and
higher. It is possible that the occurrence of the peaks(shown
by arrows in Fig. 4) in Fourier transformed EXAFS at all
concentrations up to 0.5 is the manifestation of these local
(111) displacements and, therefore, the validity of Maaskant-
Bersuker model.

One question that arises is how one models the fact that,
for small Ti concentrations, the energetics favor a(111) Ti
displacement and for large Ti concentration a(001) displace-
ment. We suggest an analogy with the alloy system in which
Fe precipitates are developed in a Cu matrix. Although bulk
room temperature Fe is bcc, the energies of bcc and fcc Fe
are close enough that the interfacial energies drive the Fe to
the fcc structure if there is a small Fe cluster embedded in a
Cu matrix.33 In the present case, we suggest that nanoscale
PbTiO3 regions when forced to expand so as to interface
with the surrounding PST matrix would take on the(111)
distorted, rather than the(001) distorted structure.

Another interesting observation is that the Ta–O distance
s1.96 Åd is smaller than half the lattice parameter of pure
PST. In a cubic(or in a quasicubic) ABO3 perovskite with
the lattice parameter of ca. 4.07 Å, the B–O distance should
be 2.035 Å. In our case, the Ta–O distance is 0.075 Å
shorter than half the lattice parameter. Our hypothesis(that
will be corroborated by the ScK-edge EXAFS analysis as
described below) is that this finding indicates the high degree
of ordering on the B site in the pure PST. Indeed, if Sc and
Ta atoms are ordered and alternately occupy neighboring B
sites, then the majority ofB–O–B8 linkages in a(001) cubic
direction are Sc–O–Talinkages. In such an ordered model,
the B–O–B8 linkages in their quasi cubic environment are
approximately collinear and theB–O–B8 distance should be
equal to the lattice parameter of the average lattice, i.e., the
Sc–O–Talength should be about 4.07 Å, leading to a Sc–O
distance of 2.11 Å. This prediction from the B-site ordering
model is in excellent agreement with our EXAFS-determined
Sc–O distance of 2.104s4d Å. In other words, if we add our
Ta–O distance determined from XAFS to our Sc–O dis-
tance, the sum equals the lattice parameter to within our error
bars. This result indicates that we do not have many contri-
butions from disordered Sc–O–Sc or Ta–O–Talinkages.
Moreover, the difference of 0.14 Å in the so obtained Sc–O
and Ta–O bond lengths is consistent with the difference of
0.105 Å in Sc3+ and Ta5+ ionic radii values(0.745 Å and

TABLE VI. Structural results obtained by ScK-edge EXAFS data analysis. The Sc–O first nearest
neighbor distance(marked by arrows in Fig. 8) and its disorder were obtained by the concurrent, three-data-
set analysis. The Sc–Pb and Sc–Ta distances were obtained separately, as described in the text below. The
last column has the values of the pseudocubic lattice constantsa, obtained by XRD(Ref. 23).

Sc–O Sc–Pb Sc–Ta, Sc–O–Ta

x r ,Å s2,Å2 r ,Å s2,Å2 r ,Å s2,Å2 a,Å

0 2.104(4) 0.0001(7) 3.37(2) 0.085(21) 4.06(4) 0.0142(51) 4.074

0.05 2.095(3) 0.0005(5) 3.38(3) 0.0095(27) 4.05(3) 0.0113(42) 4.063

0.1 2.099(3) 0.0003(5) 3.37(2) 0.0085(20) 4.07(4) 0.0142(50) 4.060
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0.64 Å,34 respectively). Thus, the shortening of the experi-
mentally obtained Ta–O distance relative to the average
B–O distance in the ABO3 perovskite is compensated by
elongating the Sc–O bonds, consistent with the Ta and Sc
size mismatch. This in turn, is evidence that the local struc-
ture of pure PST as highly ordered. A similar effect(short-
ening of Nb–O bond from the nominal half-lattice parameter
value) in another relaxor system, lead-magnesium niobate
PbsMg1/3Nb2/3dO3, or PMN, was previously observed by dif-
fraction anomalous fine structure measurements.35 In that
case, Nb and Mg ion radii are in a similar relation to our Ta
and Sc, respectively. This, and another similar mixed perov-
skite system [PbsMg1/2W1/2dO3-PbsNi1/3Nb2/3dO3-PbTiO3

called PMW-PNN-PT] are known to have locally B-site or-
dered nanodomains.36 Because XAFS is a local probe
(within ca. 5 Å around the central atom) the comparison of
XAFS and XRD results is strong evidence that our pure PST
sample also consists of locally B-site ordered regions of cor-
relation lengths of at least several lattice constant distances,
i.e., nanoscale lengths.

The combined length of the B–O and B8–O bonds is thus
a reliable measure of relative degree of ordering in the PST
and analogous mixed B-site perovskites. If their sum is
greater than the lattice parameter, theB–O–B8 linkage will
not be collinear and it will thus indicate that a significant
amount of structural disorder is present. Dmowskiet al.stud-
ied the structure of their partially ordered PST sample and
reported it to be locally distorted.11 In their work, they ob-
served that both Sc–O and Ta–O bonds are longer than the
average B–O distance and concluded that BO6 octahedra
rotate and thus form noncollinearB–O–B8 linkages.

Note that in Fig. 4 the TiK-edge EXAFS shows dramatic
changes in the region up tor ,2.2 Å as a function ofx while
from Figs. 6 and 8 much smaller changes as a function ofx
occur up tor ,4 Å indicating that little changes are occur-
ring around both the Ta and Sc atoms, respectively. In the
latter cases the region with little change includes the
B–O–B8 bonds, suggesting that the order occurring in the
pure PST persists to a significant degree in other
sPSTd1−xsPTdx samples even up tox=0.5. To confirm this
possibility the analysis about the Ta and Sc atoms was ex-
tended to cover theB–O–B8 bonds tor =4.0 Å (Figs. 6 and
8, respectively). FEFF6 calculations were performed by re-
placing B atoms in the third nearest neighbors3NNd position
to the central(absorbing) B atom in the cubic perovskite
structure of PbBO3 by B8. The most important interactions in
the distance range from the 1NN through the 3NN shell were
found to be B–Pbs2NNd and B–B8 s3NNd. The latter con-
tribution to EXAFS has the same half-path length as the
collinear double-scattering and triple-scattering paths
B–O–B8 that were therefore also included in the model.37

Very good fit quality and relatively low bond length disorder
verified that the B8 atom was predominantly ScsTad when B
was TasScd and the Ta–O–Sclinkages are indeed quasicol-
linear.

Numerical results for the TaL3 and ScK-edge analyses in
the r range beyond the 1NN shell are summarized in Tables
IV and VI, respectively. The lengths of the Ta–O–Sclink-
age as measured by EXAFS from both ends, Ta and Sc, were

found equal, within the error bars, to each other. The lengths
of these linkages are very close to the independently mea-
sured pseudocubic lattice constants a at all concentrationx
from 0 to 0.2(Tables IV and VI). We believe the small dis-
crepancy between the so obtained Ta–O–Scdistances and
the lattice parameters is the indication that some fraction of
Ta–O–Ta, Sc–O–Sc, Ta–O–Ti, and Sc–O–Tilinkages
may be present in the samples but was not included in the
multiple-scattering analysis of the distantr range using
B-site ordering model. Because the discrepancy is very small
sa−r3=0.03–0.04 Åd compared to the Sc–O and Ta–O
bond length mismatch, the fraction of such linkages must be
small too.

In their study of order–disorder in perovskite ferroelec-
trics, Stenger and Burggraaf calculate that for completely
ordered PST the areas of the(111) superlattice line, as mea-
sured by XRD, and the fundamental(200) peak, are in the
ratio of 1.33 to 1.8 It should be noted that these authors state
that for disordered PST starting material “…a slightly in-
creased background can be observed around 2u values where
the superstructure lines might be expected. This may point to
some kind of short-range ordering.”8 Our XRD results ob-
tained in the pure PST also showed a weak enhancement in
the diffraction intensity in the vicinity where one would ex-
pect a sharp(111) superlattice peak in an ordered sample.
The degree of ordering may differ between differently pre-
pared PST samples because varying degrees of B site order
can be produced in PST by varying the heat treatment.

Subsequent to the study of Stenger and Burggraaf, Baba-
Kishi and Barber studied PST by transmission electron mi-
croscopy(TEM).38 These authors reported ordered domains
in PST where the domain size varies with heat treatment.
Randall and Bhalla have carried out further TEM studies of
PST and have reviewed this field for many related
PbsB8B9dO3 perovskites.39 Randall and Bhalla classify these
compounds into three categories as follows:(a) materials for
which no B site cation order is detected;(b) materials which
exhibit B site cation order, but have a short coherent length
of long range order; and(c) materials with B site order and a
long coherent length of long range order. A short coherent
length is defined to be in the range of approximately 20 to
800 Å in diameter, whereas a long coherent length is much
larger than 1000 Å. Randall and Bhalla place PST into a
category of material that always forms at least short coherent
lengths of B site long range order, and can form long coher-
ent lengths of B site long range order. These authors also
report their own TEM result in which nanoscale B site or-
dered domains are observed in PST.

Based on all the above evidence, one would expect that
XAFS studies, which sample the local environment on the
atomic size scale, would yield results onsPSTd1−xsPTdx con-
sistent with B site order, even for samples that are largely
disordered as measured by XRD. This conclusion is consis-
tent with our XAFS results for the Sc–O and Ta–O dis-
tances in pure PST and with the multiple-scattering analysis
of Ta and Sc local atomic environment in the extended
r-range that includes the single scattering path to the 2NN Pb
as well as single- and collinear multiple-scattering paths be-
tween the central TasScd atom, 1NN O, and the 3NN ScsTad
in the same direction.
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Another main result of the multiple edge XAFS studies of
the sPSTd1−xsPTdx system is an elucidation of the difference
between the local structure of TiO6, TaO6, and ScO6 octahe-
dra at differentx. As described above, the local structures of
these octahedra, obtained by our combined EXAFS and
XANES analyses, are different: Ti is off center, and Ta and
Sc are on the center of the BO6 octahedra. The present ob-
servation that the local structure of a TiO6 octahedron is very
different from the local structures of TaO6 and ScO6 octahe-
dra in sPSTd1−xsPTdx mixture has a familiar ring relative to
the recently observed effect in a rhombohedral ferroelectric
sPbHfO3d0.9sPbTiO3d0.1.

40 In that system, analyzed by XAFS,
it was found that the structure of the TiO6 octahedron is very
different from the structure of the HfO6 octahedron.

The possibility to observe, with EXAFS, the short and
long B–O(where B=Ti,Sc,Ta) bond lengths exists, theoreti-
cally, if their split d is sufficiently large for the beat ink
space of EXAFS data occurring atp / s2dd to be detected.
That means the beat should occur below the upper boundary
of the datak range. Had the beat occurred at the highest
availablek value of 13 Å−1 for Ta EXAFS data(Table III),
or 10 Å−1 for Sc EXAFS data(Table V), the corresponding
values ofdTa and dSc would have been equal to 0.12 Å or
0.16 Å, respectively. That means, within the present EXAFS
data quality we can place the upper bounds on the Ta and Sc
atom displacementsd=Î3d /2 at dTa=0.10 Å and dSc
=0.14 Å. By examining the ScK-edge XANES data(Fig. 2),
we conclude thatdSc should not exceed the reference(dy-
namic) Ti atom displacementdTi =0.103 Å in EuTiO3 at
room temperature.18 Therefore, we can further lower the up-
per limit for dSc down to ca. 0.10 Å. Without accurate tem-
perature dependent study of EXAFS and XANES data it is
impossible to distinguish, within the present data quality, the
centrosymmetric from the noncentrosymmetric model of the
Ta and Sc atoms environments. However, we can claim that
the Ta or Sc atom displacements from the inversion symme-
try center relative to the cubic cell as described in Kittel9 do
not exceed ca. 0.10 Å. On another hand, the TiK-edge
XAFS data allow us to determine the magnitude(by both
EXAFS and XANES) and direction(by EXAFS) of Ti atom
displacement from the inversion symmetry center atx
=0.05 unambiguously. In this case the displacement[d
=0.22s2d Å, Table I] is very large and the concomitant split
in Ti–O distancesfd=0.26s4d Åg is detectable by EXAFS
analysis.

CONCLUSIONS

We propose the following scenario of coordination-
dependent structural transformations insPSTd1−xsPTdx based
on the combination of XANES and EXAFS results obtained

for Ti and ScK edges and TaL3 edge. At low Ti concentra-
tions, Ta is squeezed by its six oxygen neighbors into a
smaller octahedral cage than the neighboring ScO6 octahe-
dra, due to their ionic radii difference. In both cases, these
atoms are, approximately, on center in their octahedra. Lat-
tice compression caused by the increase in the PbTiO3 con-
centration is responsible for the gradual decrease in Ta–O
distances.

However, because the average lattice parameter is larger
than that for PbTiO3, small amounts of Ti have to be placed
in larger octahedral units than their native PbTiO3 cells. In
these larger cells, the energetics favor(111) displacements,
rather than(001) displacements off center. There will then be
coexisting regions in the crystal; larger regions of PbTiO3
take on a(001) distortion, and smaller regions take on a
(111) distortion. Experimentally, we obtained that with in-
creasing Ti concentration the average displacement direction
gradually rotates from(111) to (001). The latter result pro-
vides direct experimental information for testing ab initio
theories. Among the most adequate theories is the Maaskant-
Bersuker model that explains this average rotation by the
increase of the weighting factor of the 001-distorted PbTiO3
unit cells in the sample as the concentration of PbTiO3 in-
creases. This model is consistent with our data. However, our
results do not exclude the possibility, as obtained recently for
other similar relaxor perovskites, of local gradual rotation
between trigonal(rhombohedral) and tetragonal models of
displacement of Ti atoms. These theories, yet to be devel-
oped for thesPSTd1−xsPTdx system, may also be directly
compared with our data.

Another significant result is that all oursPSTd1−xsPTdx

samples have a local ordering of the B sites with alternate
occupation of Ta and Sc atoms extending over a nanoscale
correlation length of at least several lattice constants.
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